In this study, we report a cross-linker-based poly(ionic liquid) (PIL) for the sensitive detection of 4-nonylphenol (4-NP). PIL was poly(1,4-butanediyl-3,3 -bis-l-vinylimidazolium dibromide) (poly([V 2 C 4 (mim) 2 ]Br 2 )).
Introduction
Nonylphenol ethoxylates are widely used for manufacturing various commercial products such as detergents, lubricating oil, paints, pesticides, and emulsifier, etc [1] . Nonylphenol ethoxylates degrade to produce 4-nonylphenol (4-NP) in an aquatic environment [2] . Since 4-NP can be produced industrially, naturally and through biodegradation of alkylphenol ethoxylates, the high prevalence of 4-NP in environment has been a grave concern due to its ability to mimic estrogen activity [2] . It is a well-known endocrine disruptor and xenoestrogen, causing serious harm to the reproductive health of human and wildlife [3] . Therefore, detection of 4-NP is of great significance. Various analytical methods including enzyme-linked immunosorbent assay [4] , liquid chromatography [5] , gas chromatography [6] , fluorescence analysis [7] and electrochemical method [8] have been developed
Materials and Methods

Materials
4-Nonylphenol and 2,2'-azobisisobutyronitrile (AIBN) were obtained from Aladdin Industrial Corporation (Shanghai, China). Ethylene glycol dimethacrylate (EGDMA), 1-vinylimidazole, 1,4-dibromobutane, 2-nitroaniline, 3-nitroaniline, and 4-nitroaniline were procured from Sigma-Aldrich (St. Louis, MO, USA). IL [V 2 C 4 (mim) 2 ]Br 2 was prepared in our laboratory. Chitosan was procured from Sinopharm Chemical Regent Co., Ltd. (Shanghai, China). Phosphate buffer was prepared using NaH 2 PO 4 and Na 2 HPO 4 . Deionized water of 18 MΩ cm was applied in the experiments.
Instrumentation
Fourier transform infrared (FT-IR) spectra were obtained with Nexus-470 FT-IR spectrometer (Nicolet, Madison, USA). Surface morphology measurements were performed using a JSM-7500F scanning electron microscope (SEM) (JEOL, Tokyo, Japan). Raman spectra were acquired on a Thermo Scientific DXR2xi Raman spectrometer (Waltham, MA, USA). Thermal gravimetric analysis (TGA) was obtained on a STA-449F3 instrument (Netzsch, Selb, Germany). All electrochemical experiments were accomplished on a CHI660D electrochemical workstation using a three-electrode system, where a modified glassy carbon electrode (GCE) as the working electrode, a platinum wire electrode used as the auxiliary electrode and a saturated calomel electrode (SCE) as the reference electrode. 
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Electrochemical Measurements
Scheme 1 shows the 4-NP detection process using poly([V2C4(mim)2]Br2) as an electrochemical modifier. Poly([V2C4(mim)2]Br2) (3.0 mg) was dispersed in HAc (1 mL, 1 M) containing chitosan (0.5 wt%) by ultrasonication for 30 min. Each suspension (3.0 μL) was drop-cast onto a cleaned GCE and dried under an infrared lamp. Chitosan was applied as an adhesive to stabilize poly([V2C4(mim)2]Br2) onto GCE. The modified GCE were incubated with 4-NP in 0.1 M phosphate buffer (10 mL, pH 6.0) for 6 min and measured by DPV from 0.2 to 0.9 V. Figure 1A illustrates FT-IR spectra of [V2C4(mim)2]Br2, poly([V2C4(mim)2]Br2), EGDMA and poly(EGDMA). The peak at 1634 cm −1 in the FT-IR spectrum of [V2C4(mim)2]Br2 corresponds to exocyclic C=C stretching vibration. The characteristic peaks at 1500, 1401, and 1160 cm −1 for [V2C4(mim)2]Br2 are attributed to C=N, C=C, and C-N bonds of the imidazolium cation vibrations [32] . The peaks at 1723, 1636, 1295 and 1153 cm −1 are ascribed to C-O stretching vibration of carboxylic ester, C=C, C-O stretching vibration of symmetric and asymmetric ester [33] , respectively. Poly([V2C4(mim)2]Br2) and poly(EGDMA) display similar FT-IR peaks with [V2C4(mim)2]Br2 and EGDMA, respectively. Figure 1B shows Raman spectra of poly([V2C4(mim)2]Br2) and poly(EGDMA). The peaks at 2933 and 2955 cm −1 from Figure 1B were due to CH2 stretching vibration [34] . Curve a shows the characteristic vibration bands (1429, 1343, 1022 cm −1 ) corresponding to the imidazolium cation [34] , respectively. The peaks at 1726, 1461 cm −1 are ascribed to C=O, CH2 bonds of 
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Characterization of Poly([V2C4(mim)2]Br2)
Electrochemical Measurements
Scheme 1 shows the 4-NP detection process using poly([V 2 C 4 (mim) 2 ]Br 2 ) as an electrochemical modifier. Poly([V 2 C 4 (mim) 2 ]Br 2 ) (3.0 mg) was dispersed in HAc (1 mL, 1 M) containing chitosan (0.5 wt%) by ultrasonication for 30 min. Each suspension (3.0 µL) was drop-cast onto a cleaned GCE and dried under an infrared lamp. Chitosan was applied as an adhesive to stabilize poly([V 2 C 4 (mim) 2 ]Br 2 ) onto GCE. The modified GCE were incubated with 4-NP in 0.1 M phosphate buffer (10 mL, pH 6.0) for 6 min and measured by DPV from 0.2 to 0.9 V. Figure 1B were due to CH 2 stretching vibration [34] .
Curve a shows the characteristic vibration bands (1429, 1343, 1022 cm −1 ) corresponding to the imidazolium cation [34] , respectively. The peaks at 1726, 1461 cm −1 are ascribed to C=O, CH 2 bonds of poly(EGDMA) (Curve b) [35] . The results show the successful synthesis of poly([V 2 C 4 (mim) 2 ]Br 2 ) and poly(EGDMA). 
Electrochemical Behavior of Poly([V2C4(mim)2]Br2)
Electrochemical Behavior of Poly([V 2 C 4 (mim) 2 ]Br 2 )
We studied the electrochemical behaviors of the bare GCE and poly([V 2 C 4 (mim) 2 ]Br 2 )/GCE using cyclic voltammetry (CV). Figure 4A We studied the electrochemical behaviors of the bare GCE and poly([V2C4(mim)2]Br2)/GCE using cyclic voltammetry (CV). Figure 4A shows To highlight the advantage of PIL, we compared the electrochemical responses of poly([V2C4(mim)2]Br2)/GCE with poly(EGDMA)/GCE. Poly([V2C4(mim)2]Br2)/GCE and poly(EGDMA)/GCE were incubated with a 4-NP solution in phosphate buffer for 6 min, before carrying out the CV and DPV measurements ( Figure 5 ). We noted oxidation of 4-NP on two electrodes ( Figure 5A ), but no cathodic signal was observed in the scanned potential range. The result indicates an irreversible oxidation process for 4-NP [38] . As shown in Figure 5 , poly([V2C4(mim)2]Br2)/GCE exhibited higher CV and DPV peak current responses for 4-NP than those of poly(EGDMA)/GCE. The peak current response for 4-NP of poly([V2C4(mim)2]Br2)/GCE was 3.6 To highlight the advantage of PIL, we compared the electrochemical responses of poly([V 2 C 4 (mim) 2 ]Br 2 )/GCE with poly(EGDMA)/GCE. Poly([V 2 C 4 (mim) 2 ]Br 2 )/GCE and poly(EGDMA)/GCE were incubated with a 4-NP solution in phosphate buffer for 6 min, before carrying out the CV and DPV measurements ( Figure 5 ). We noted oxidation of 4-NP on two electrodes ( Figure 5A ), but no cathodic signal was observed in the scanned potential range. The result indicates an irreversible oxidation process for 4-NP [38] . As shown in Figure 5 , poly([V 2 C 4 (mim) 2 ]Br 2 )/GCE exhibited higher CV and DPV peak current responses for 4-NP than those of poly(EGDMA)/GCE. The peak current response for 4-NP of poly([V 2 C 4 (mim) 2 ]Br 2 )/GCE was 3.6 times than that of poly(EGDMA)/GCE. We ascribed the higher current response to the excellent electrical conductivity and large effective surface area of poly([V 2 C 4 (mim) 2 ]Br 2 )/GCE. Nanomaterials 2019, 9, x FOR PEER REVIEW 6 of 11 times than that of poly(EGDMA)/GCE. We ascribed the higher current response to the excellent electrical conductivity and large effective surface area of poly([V2C4(mim)2]Br2)/GCE. 
Optimization of Experimental Conditions
To investigate the influence of pH of the test solution on the current of 4-NP, we measured the DPV of 2 μM 4-NP at the poly([V2C4(mim)2]Br2)/GCE over the pH range of 4-8. As shown in Figure  6A , the peak current increased with pH from 4.0 to 6.0; however, we observed a decrease in the peak current beyond pH 6. Hence, we selected pH 6.0 as the optimum pH for subsequent experiments. Moreover, Figure 6B shows increase in the peak current response from until 6 min before reaching a plateau. This indicates that the poly([V2C4(mim)2]Br2)/GCE was saturated by 4-NP adsorption. Thus, further accumulation of 4-NP onto the electrode (beyond 6 min) did not contribute to the enhancement of peak current. Based on our findings, we employed an optimum accumulation time of 6 min for 4-NP adsorption onto the poly([V2C4(mim)2]Br2)/GCE in all subsequent experiments.
Analytical Performance of Poly([V2C4(mim)2]Br2)/GCE
Under the optimized experimental conditions, the DPV curves of 4-NP at different concentrations were measured by poly([V2C4(mim)2]Br2)/GCE ( Figure 7A ). We observed a linear increase in the peak current with 4-NP concentration from 0.05 to 5 μM ( Figure 7B ). We obtained a limit of detection (LOD) (Table 1) . To 
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Reproducibility, Stability and Selectivity of Poly([V2C4(mim)2]Br2)/GCE
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)/GCE
To study reproducibility and stability of poly([V 2 C 4 (mim) 2 ]Br 2 )/GCE, we performed DPV measurements of 2 µM 4-NP solution using seven modified GCEs prepared independently. We obtained the relative standard deviation (RSD) as 4.35%, confirming good reproducibility of the method. To check the stability, we carried out similar measurements with the poly([V 2 C 4 (mim) 2 ]Br 2 )/GCE after storing for two weeks at 4 • C, and found that the sensor could retain 93.7% of its original response (2 µM 4-NP), thus exhibiting good stability.
To evaluate the selectivity, we subjected our poly([V 2 C 4 (mim) 2 ]Br 2 )/GCE to detect 4-NP in presence of some possible interfering substances. Table 2 lists the tolerable ratio, which is defined as the maximum amount of foreign species resulting in an error lower than ±5 c /o for detecting 2 µM 4-NP. We found that 100-fold of Na + , K + , Fe 2+ , Mg 2+ , Ni 2+ , Co 2+ , Cu 2+ , Cl − , NO 3 − , SO 4 2− , and 10-fold hydroquinone, catechol, benzene, 1,2-dimethylbenzene, 2-nitroaniline, 3-nitroaniline and 4-nitroaniline had no influence on the determination of 2 µM 4-NP by the poly([V 2 C 4 (mim) 2 ]Br 2 )/GCE. 
Analytical Application
Furthermore, we evaluated the validity of the proposed method using the lake water samples collected from Nanhu Lake and rain water samples in Jiaxing city. The environmental water samples were filtered through 0.45 µm filter before use. Since no 4-NP was detected in the water samples by the poly([V 2 C 4 (mim) 2 ]Br 2 )/GCE, we applied the standard addition method of spiking the samples with 4-NP for the method validation purpose. As shown in Table 3 , the recovery was from 97.3% to 104.0%, and the RSD was less than 4.47%. This suggests the potential of the poly([V 2 C 4 (mim) 2 ]Br 2 )/GCE for the detecting 4-NP in environmental water samples. 
Conclusions
In an attempt to construct a sensitive electrochemical sensor for 4-NP, we synthesized a cross-linker-based PIL of poly([V 2 C 4 (mim) 2 ]Br 2 ) as the sensing agent via a simple one-step free-radical polymerization method. Poly([V 2 C 4 (mim) 2 ]Br 2 )/GCE with a large effective surface area exhibited good electrical conductivity and higher peak current response for 4-NP than that of poly(EGDMA)/GCE, indicating the advantage of poly([V 2 C 4 (mim) 2 ]Br 2 ). In addition to excellent sensitivity, the poly([V 2 C 4 (mim) 2 ]Br 2 ) based sensor also demonstrated 4-NP detection in environmental water samples.
